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Recent high hydrostatic pressure experiments have shown that incorporation of small amounts of
nitrogen into conventional III-V compounds to form III-N-V alloys leads to splitting of the con-
duction band into two subbands. The downward shift of the lower subband edge is responsible for
the observed, large reduction of the fundamental band gaps in III-N-V alloys. The observed ef-
fects were explained by an anticrossing interaction between the conduction band states close to
the center of the Brillouin zone and localized nitrogen states. The interaction leads to a change in
the nature of the fundamental from the indirect gap in GaP to a direct gap in GaNP. The predic-
tions of the band anticrossing model of enlarged electron effective mass and enhanced donor acti-
vation efficiency were confirmed by experiments in GalnNAs alloys.

Introduction Doping of conventional group III-V semiconductors with low, impurity-
like concentrations of nitrogen introduces highly localized acceptor levels [1]. In GaAs
the dispersionless nitrogen level is resonant with the conduction band and is located at
about 1.6 to 1.7 eV above the valence band edge. In GaP the level is located slightly
below the lowest conduction band edges at X points of the Brillouin zone [1-3]. The
electronic band structure of the host crystal is not affected by these low, impurity-like
nitrogen concentrations. However, it has been shown that incorporation of higher, al-
loy-like N concentrations to form III-N-V alloys results in a profound reduction of the
fundamental band-gap energy. A reduction of the band gap of more than 100 meV per
atomic percentage nitrogen was observed in GaNAs [4]. Similar gap reductions were
also observed in other III-N-V semiconductor alloys [5-15]. The strong dependence
of the band gap on the N content offers a possibility to use the N-containing alloys for
a variety of long wavelength optoelectronic devices [9] and in hybrid solar cell designs
[14, 15].

It is commonly accepted that the unexpectedly strong effect of N on the band gap is
related to the fact that replacement of atoms such as As or P with much smaller and
more electronegative N atoms leads to a large, local perturbation of the crystal lattice
potential. However, despite years of extensive experimental and theoretical studies
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[4-23], there has been no general consensus on the proper description of the observed
effects of N incorporation on the electronic structure of III-N-V alloys. Many of the
early experiments on III-N-V alloys were analyzed in terms of the phenomenological
Quantum Dielectric Theory [16, 17]. Later, several groups have performed microscopic
band structure calculations [18-21]. The calculations could not be easily compared with
experiments as they have encountered a problem with a proper treatment of the ran-
dom atom distributions in the alloys. Recently the band gap bowing coefficients were
calculated using Local Density Approximation. The authors argued that in GaNAs al-
loys the large bowing coefficient is determined by a charge exchange resulting from a
replacement of As with N atoms and by structural relaxation of the alloys [20].

All these theoretical calculations were dealing exclusively with the most extensively
studied and easily experimentally observed effect of the N-induced band gap reduction
in III-N-V alloys. The situation has changed recently because it has been discovered
that, in addition to the band gap reduction, incorporation of N leads to the appearance
of a new high-energy absorption edge in GalnNAs alloys [24, 25]. These experimental
observations have been explained by the band anticrossing (BAC) model that considers
the interaction between localized N states and the extended states of the host semicon-
ductor matrix. In this paper we will review our recent experimental and theoretical
results obtained on a number of semiconductor alloys. We show that the BAC model is
generally applicable to all alloy systems exhibiting very large band gap bowing coeffi-
cients. We also present experimental confirmation of the effects predicted by the BAC
model.

Experimental The III-N-V alloy samples used in this work include GaNAs, GalnNAs,
and GaNP. The GaNAs and GalnNAs samples are epitaxial layers grown at 2.4—7 um/h
between 550 and 650 °C on GaAs substrates by metalorganic vapor phase epitaxy
(MOCVD) using dimethylhydrazine as nitrogen source. The GaNP samples were grown
at 550 °C on GaP substrates by gas-source molecular beam epitaxy (MBE) using a rf
plasma nitrogen radical beam source. The layer thickness varies from 0.5 to 5.0 pm.
The nitrogen content of these samples was determined using secondary ion mass spec-
troscopy (SIMS) and indirectly via the change of the lattice constant measured by re-
flection (004) double-crystal X-ray diffraction.

Optical measurements including conventional absorption, photoluminescence (PL),
and photo-modulation spectroscopy were performed at room temperature. The optical
absorption measurements were carried out using a Cary 2390 spectrophotometer. The
experimental setup for the PL measurements consisted of an Ar* laser (5145 A line) as
an excitation source and a 1.0 m double-grating monochromator with a lock-in amplifi-
cation and data acquisition system. For the modulation spectroscopy, quasi-monochro-
matic light from a halogen tungsten lamp dispersed by a 0.5 m monochromator was
focused on the samples as a probe beam. A chopped HeCd laser beam (either 3250 or
4420 A) provided the modulation. Signals were detected by a Si photodiode using a
phase-sensitive lock-in amplification system. Application of hydrostatic pressure was
accomplished by mounting small sample chips with sizes of ~200 x 200 um? into gas-
keted diamond anvil cells.

Band Anticrossing Model It is well known that an isolated N atom introduces a loca-
lized state with energy level Ex in conventional III-V materials. In most cases, this
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level is located very close to the conduction band edge. It lies at about 0.25 eV above
the conduction band edge in GaAs and less than 0.1 eV below the conduction band
edge in GaP. A weak pressure dependence of the N energy level was observed in GaAs
compared to the conduction-band edge. The level was also found to move into the
band gap when GaAs is alloyed with AlAs [26]. The highly localized nature of the N
states suggests weak hybridization between the orbits of N atoms and the extended
states, Ey(k), of the semiconductor matrix.

In considering the problem of group III-N-V alloys, we assume that N atoms substi-
tuted on the group V elements are randomly distributed in a crystal lattice and are only
weakly coupled to the extended states of the host semiconductor matrix [24, 27]. The
eigenvalue problem can then be written as

E—Eu(k) -V | _
“Vau E-Ex| 0 D

where Vnm = (k| VIN) is the matrix element describing the coupling between N-states
and the extended conduction-band states, V = % U(r — Ry), and U(r — R,) is the poten-
tial introduced by an N atom on an R; site. The solution of Eq. (1) takes the form

E.(k) = {(Ex + Em(k)) £ [(Ex — Ex(k))? +4(Vaw)]'} /2, 2)
where the squared matrix element coupling k& and N states is given by

Vaml’ = (k| V IN) (N] V. [k)

=33 [[V2drdr & U*(r — R,) Pa(r— R,) U(Y —Ry) Un(r —Ry)e ™. (3)

W(r) is the wavefunction of an N state localized on the substitutional site. Equation
(3) is valid only for low N concentrations when there is no appreciable overlap be-
tween functions S(r — Ry) = U(r — R;) ¥n(r — R;) located on different sites. Assuming
an exponential form S(r — Ry) ~exp [~ |[r — Ry k.], where k; is the measure of the
spatial extent of function S, ne finds from Eq. (3)

Vaml” = 1S(k)* {=Zvexp fik (R, — Ry)]}, 4)

where the Fourier transform of S(r) is given by S(k) = (k;)*[(kL)* + kK?].

The double sum in Eq. (4) has to be averaged over all possible N atom configura-
tions in the host crystal lattice. For a random distribution it equals the total number of
substitutional N atoms which is proportional to the molar fraction of N in the alloys.
Therefore the matrix element describing the hybridization between N states and the
conduction-band states of the semiconductor matrix is given by

Vam = Craux'/?, )

where Cnm is a constant dependent on the semiconductor matrix and x is the mole
fraction of substitutional N.

The interaction of the conduction-band edge with the dispersionless N level results in
a characteristic level anticrossing that leads to a splitting of the conduction band into
two highly nonparabolic subbands, E_ (k) and E, (k). Figure 1 shows an example of
the calculated structure of the two conduction subbands. The band anticrossing (BAC)
model predicts a new interband transition associated with the E; minimum, in addition
to the interband transitions from the top of the valence band to the bottom of the
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Fig. 1. Dispersion curves for the lower and
upper conduction subbands in GaNAs. Ey and
En represent the unperturbed conduction band
of GaAs and the nitrogen level, respectively.
The arrows show the possible interband transi-
tions

1 - E_ transition
4 2- E_+A, transition
3 - E, transition ] conduction band and the transition be-
4-Ey*A transiion 1 tween the spin—orbit split-off band and the
conduction-band minimum.

It is evident from Eq. (2) that the initial
rate of the N-induced reduction of the
band gap depends on the coupling param-
: o' ' 5 10 15 o0 eter Cnv and on the energy difference
Ex — Eyv. Therefore the accurate location
of the nitrogen energy level with respect to
the conduction band edge is essential to
evaluate the effect of N on the band gap reduction in a given material. The existing
experimental results on the location of Ey in different group III-V materials indicate
that, similar to many other highly localized centers, the energy of the nitrogen level
is constant relative to the common energy reference or vacuum level [1, 26]. There-
fore using the known conduction band offsets one can determine the energy differ-
ence Eny — Ey in III-V compounds and their alloys. For example, based on the
well known variation of the band offsets in Ga,In;_,As alloys one obtains the fol-
lowing expression for the composition dependent energy of the nitrogen level,
Ex(y)=1.65 — 04y (1 - y) (eV).

Energy (eV)

0.5

0.0

hh ]

Wavevector (10° cm™)

Results and Discussion The predicted splitting of the conduction band into two non-
parabolic subbands has been unambiguously observed using photoreflectance (PR) and
electro-reflectance (ER) measurements [24, 25]. Figure 2 shows a few representative
PR spectra taken from GaN,As;_, samples. In the samples with x > 0, the E_ and E
transitions can be clearly observed. The E_ transition corresponds to the fundamental
band gap of GaNAs, and the E. transition is related to the new and unique conduc-
tion-band edge of GaNAs described by the band anticrossing model in the previous
section. E_ shifts down and E. shifts up with increasing N content. It is also worth
noticing that, as shown in Fig. 2, the spin—orbit splitting energy Ay is equal to ~0.34 eV
for all the measured samples and does not depend on N content. The results demon-
strate that incorporation of N into GalnAs affects mostly the conduction band and has
a negligible effect on the electronic structure of the valence band. The appearance of
the new absorption edge E; in GalnNAs alloys has also been confirmed through direct
absorption measurements on a freestanding GaIlnNAs film [28].

The observation of E, and E_ absorption edges indicate that the BAC model cor-
rectly describes the electronic structure of GalnAs alloys. However, the experiments
that have provided an unequivocal support for the model were measurements of the
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Fig. 2. Photoreflectance (PR) spectra taken
from GaN,As;_, samples with different N
concentrations

pressure dependence of the optical
transitions in GalnNAs alloys [24].
Figure 3 shows the measured energies of
E, and E_ transitions as functions of
hydrostatic pressure in a GaNy o15AS0.985
sample and a GagosIngosNoo12ASe.088
sample. It is evident from the data that
the E_ and E, edges show a classical
anticrossing behavior. The experimen-
tal results are well explained by the
calculations based on the BAC model.
We use the well known pressure de-
pendence of the fundamental band gap
of the host semiconductor matrices,

dEMm/dP = 10.8 meV/kbar. Also, based on studies of N doped GaAs we have assumed a
small pressure coefficient dEx/dP = 1.5 meV/kbar for the nitrogen levels [2]. The ob-
served pressure dependencies of the absorption edges point at the changing character
of the E_ and E; transitions. The E_ subband edge which has mostly extended Ey-like
character at ambient pressure transforms to a localized En-like level at high hydrostatic
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pressure. On the other hand, E;
changes its character from localized
En-like to extended Ey-like at high hy-
drostatic pressure.

The most extensively studied charac-
teristic of III-N-V alloys has been the
dependence of the fundamental band
gap on the N content. It was recog-
nized very early that the very rapid re-
duction of the band gap observed at
small N contents cannot be described
in terms of standard models with a

Fig. 3. Effects of pressure on the opti-
cal transitions associated with the FE_
and E, transitions in GaNo1sASgoss
and Gao.95In0.05N0.012A80.988
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15 ) Fig. 4. Experimentally  observed
[ ] dependence of the energy gap on
14 o ref.29 1 the N fraction in GaN,As;_,. The
[ o ref.30 ] solid line represents the energy
I s ref. 31 ] gap calculated using the BAC
1.3 r A ref. 32 7] model
i theory

12|

Energy gap (eV)

11 GaN As,
CNM=2.7 eV
Tr E =165eV

09 0 0.01 0.02 0.03 0.04 0.05
Nitrogen fraction, x
composition independent bowing parameter. The failure of this approach is understand-
able in view of our present results. The energy gap is defined as E, = E_(k = 0), where
E_(k) is given by Eq. (2). The calculated band gap as a function of N content in
GaN,As;_, alloys is shown in Fig. 4. The calculations are in very good agreement
with the experimental band gaps reported by different groups [29-32] assuming
Cnm = 2.7 eV. We believe that this comparison with the experiment provides an accu-
rate determination of Cny, Which is the only adjustable parameter in the calculations.
The interaction between the localized N states and the extended conduction-band
states has a dramatic effect on the dispersion relation E.(k) of the two conduction
subbands. As the effect of the interaction is most pronounced for the states located
close to Ej, the dispersion relations for the conduction subbands are strongly affected
by applying pressure that shifts Ex with respect to the conduction band of the matrix.
Figure 5 shows the results of calculations of E_(k) and E, (k) for three different values
of hydrostatic pressure. It is seen that the pressure has the strongest effect on the lower
subband that narrows drastically at high pressures. Narrowing of the band indicates a
gradual, pressure-induced transformation in the nature of the lowest subband from an
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Fig. 5. Calculated dispersion of the E_ and £, subbands in GaAsN at three different pressures
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extended to a highly localized state. This transformation can also be interpreted as a
pressure induced enhancement of the effective mass and the density of states in the
lower subband.

The electron effective mass as a function of energy for different pressures can be
calculated using the standard definition of the density of states effective mass,

meg = (h)27)* k(dE/dk)™" . (6)

Using Egs. (2) and (6), one obtains a simple expression for the effective mass in the
lower and upper subbands [27],

me(E) = m* {1+ [Vam/(Ex — E)}, (7)

where m™ is the effective mass of the semiconductor matrix and E is the energy in the
lower or upper subband measured from the valence band edge. It is seen from Eq. (7)
that the effective mass diverges for the electron energy approaching En. This is a result
of the increasing contribution of the localized N states to the electron states in the low-
er and upper subband.

The calculated effective masses for the case of GagogrIngogNog2ASyes are shown in
Fig. 6. There is a very large enhancement of the effective mass as a function of both
electron energy and external pressure in the lower subband. An enhancement by almost
two orders of magnitude is expected at large hydrostatic pressures. Since the effective
mass of the corresponding Gagg,IngosAs matrix equals 0.06m, the predicted mass can
be larger than the free electron mass, mj in this case. A large enhancement of the elec-
tron effective mass has been recently observed by plasma reflection [33] and magneto-
photoluminescence measurements [22]. An electron effective mass as high as 0.4m has
been found in a Gagg,IngesNo.033A80.967 sample with 6 x 10" cm~ electrons [33].

It has been predicted that the N-induced downward shift of the conduction band
edge and the enhancement of the effective mass in III-N-V alloys should lead to an
increase in the maximum electron concentrations that can be achieved by doping [27].
Recent experiments with Se doped GalnNAs alloys have fully confirmed these predic-
tions. For example, an electron concentration of 7 x 10! cm~3 was achieved in a sample

20
15|
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Fig. 6. Dependence of the electron ef-
i fective mass of the lower subband in
Gag9Ing0sNo.02Asp.og on the energy at
different values of hydrostatic pres-
sure. The electron effective mass of
N . the GalnAs matrix is »iy = 0.06 myg
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Energy (eV)
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with 3% nitrogen [34]. This value is more than an order of magnitude higher than the
electron concentration in Se doped GaAs grown under the same conditions [34].

It has been shown thus far that the band gap reduction in III-N-V alloys can be
well modeled by the anticrossing interaction between a narrow band formed by the
localized N states and the extended conduction-band states. This approach works very
well for the host semiconductor matrix with its conduction band minimum located at
the T’ point of the Brillouin zone. However, it has been shown that large N-induced
band gap reduction is also found in III-N-V alloys in which the semiconductor ma-
trices have an indirect gap. The most extensively studied alloys of this type have been
GaNP; in this system, the nitrogen level is located slightly below the lowest conduction
band edge at the X point [5, 8].

Figure 7 shows a PR spectrum of a GaNjy 3P 977 sample taken over a wide photon
energy range (1.45-3.35 eV). A PR spectrum of GaP is also shown in the figure for
comparison. Note that, for the indirect optical transitions such as the I'y—X_ transition
in GaP as marked by the arrow in the figure, no PR signal is detectable. However, in
contrast, two PR spectral features are clearly observed in the GaNj 3P 977 sample. The
strong PR feature at 1.96 eV is below the indirect band gap (E,x) of GaP. The weak
feature at the energy of 2.96 eV is above the direct bandg ap (Er) of GaP. Similar PR
spectra can been observed in all the GaNP samples studied to date. The strong PR
signals appear at an energy below the indirect band gap of GaP, indicating a change in
the nature of the optical transitions in GaNP and suggesting that the band gap has
transformed from indirect in GaP to direct in GaNP. This N-induced transformation
from indirect to direct gap can be understood in terms of the band anticrossing model
discussed above [35]. It predicts the formation of two subbands E_(k) and E (k) as a
result of the interaction of the localized N states and the extended conduction-band
states of the GaP matrix. The band gap energy is given by the energy of the lower
subband edge, E_(0), relative to the top of the valence band. The PR spectra of the
GaNyp3Po.977 sample shown in Fig. 6 are in good agreement with the prediction. The
PR spectral feature on the lower energy side can be attributed to the E_ transition.
The feature at higher energy can be assigned to the E transition. These data provide
direct evidence that the N-induced modification of the conduction band structure is

295K Er

AR/R (107
m

Fig. 7. Comparison between PR spec-
tra of GaN3Pp977 and GaP. The in-
direct transition associated with the
fundamental band gap (Egx) of GaP
cannot be detected by PR measure-
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dominated by the interaction of the extended states at the conduction band I' minimum
with the N states, even in the case of semiconductor matrices with indirect gaps.

Figure 8 shows the optical transition energies (E_ and E,) determined by the photo-
modulation measurements for the GaN,P;_, samples used in this work. The dashed
lines represent the £_ and E, transition energies calculated using Eq. (2) with well-
known band structure parameters of the GaP matrix: Epm(T') =2.78 eV, and
Ex =2.18 eV. The best fit to the experimental data yields Cny = 3.05 eV. This value of
the coupling parameter in GaP is about 11% larger than the 2.7 eV determined pre-
viously for the GaAs matrix [27].

To further elucidate the role of N in the conduction band structure of GaN,P;_,
alloys, PL transition energies were measured as a function of applied hydrostatic pres-
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: Fig. 9. Pressure dependence of
the PL emissions from the
GaN,P_, samples with

x=0.007, 0.013, and 0.02. The
solid lines represent the calcu-
lated changes of the PL ener-
gies. The dashed and dash-
dotted lines are two extreme
cases of the pressure depend-
ence of the indirect band gap of
GaP
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sure for samples with three different alloy compositions. The results are shown in Fig. 9.
Two extreme cases of the pressure dependence of the indirect band gap (I'v—X.) of
GaP are also shown in Fig. 9 [36, 37]. A large reduction of the PL signal was observed
at the energies corresponding to the onset of the indirect I'\—X. absorption [37]. The
PL emission energies show a small upward shift with increasing pressure. The linear
pressure coefficient increases slightly with N content from 2.0 meV/kbar for x = 0.007
to 2.53 meV/kbar for x = 0.02. The measured pressure coefficients are larger than the
pressure coefficient of the highly localized N level, dEn/dP = 1.5 meV/kbar, but much
smaller than the pressure coefficient of dEyr/dP = 10 meV/kbar for the Eyr conduc-
tion band edge in GaP (see e.g. [38]). This is consistent with the fact that E_ is located
much closer to the Ey energy level and its wavefunction has a strong N-like character.

The hydrostatic pressure induced shift of the fundamental bandgap can be calculated
by substituting the pressure dependent energy levels Ex(P) and Eyp(P) into Eq. (2).
The solid lines in Fig. 9 show the changes of the calculated fundamental band-edge
energies. The results are in good agreement with the experimentally observed pressure
dependence of the PL emission lines. This provides further support for the band anti-
crossing model of the conduction band structure of the GaNP alloys. We also recall that
the X, band edge shifts to lower energies with increasing pressure in all known cases of
III-V semiconductors. These results again rule out the previous assertions that GaNP
has an indirect (I'yv—X.) band gap at low N concentrations [5, 6, 17, 21].

Conclusions The effect of N on the electronic band structure in III-N-V alloys has
been explained in terms of a band anticrossing interaction between highly localized N
states and extended conduction-band states of the semiconductor matrix. The inter-
action leads to a splitting of the conduction band into two nonparabolic subbands. The
downward shift of the lower subband edge relative to the valence band is responsible
for the reduction of the fundamental band gap. The N-induced modification of the
band structure has profound effects on the optical and electrical properties of
the III-N-V alloys.
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